A low-phase-noise wide-tuning-range K-band voltagecontrolled oscillator (VCO) is presented in this paper. By employing accumulation MOS (AMOS) varactors deposited between drain and source terminations of the cross-coupled pair, the tuning mechanism are enhanced, leading to a boosted VCO tuning range. Moreover, the phase noise can be improved due to the better cyclostationary noise property. Based on this architecture, the fabricated VCO in 0.18-μm CMOS exhibits a measured 18.2% tuning range. Operating at 0.6-V supply voltage, the VCO consumes 2.28-mW dc power excluding the buffers. The measured phase noise is −112.53 dBc/Hz at 1-MHz offset from 24.68-GHz oscillation frequency. Compared to the recently published K-band 0.18-μm CMOS VCOs, it is observed that the proposed VCO can simultaneously achieve low phase noise, wide tuning range, and low dc-power dissipation.
Introduction
Due to the ability of high data-rate transmission in K-band, researches around K-band were reported [1, 2, 3, 4, 5, 6, 7, 8] . When operating at tens of gigahertz frequencies, the regular cross-coupled VCOs have to raise the supply voltage, dc power dissipation, and MOSFET device sizes to meet the startup conditions. For overcoming these difficulties, a PMOS cross-coupled pair with a capacitive feedback had been used to increase the output voltage swings, leading to an improved phase noise [3] . However, the required supply voltage of the VCO is 1.8 V due to a low transconductance of p-channel MOSFET in K band. In addition, the tuning range of the VCO in [3] is limited because of the tradeoff between phase noise and tuning range. In this work, the CMOS VCO with varactors connected between drain and source terminations of the cross-coupled pair achieves the 2.28-mW dc power consumption at 0.6-V supply voltage, while the phase noise is −112.53 dBc/Hz at 1-MHz offset from 24.68-GHz carrier. Under this bias condition, the measured tuning range is 18.2%.
Proposed VCO
For VCOs operating in K band, there is always a tradeoff between phase noise and tuning range. In order to overcome this limitation, accumulation MOS varactors (AMOS) with high quality factor (Q factor) are proposed to be deposited between drain and source terminations of the VCO cross-coupled pair, as shown in Fig. 1 . The varactors (C var2 and C var3 ) provide an additional tuning mechanism for extending the VCO tuning range. Moreover, the varactors (C var2 and C var3 ) form a capacitive feedback to boost the voltage swing, leading to an improved phase noise.
The simplified equivalent half-circuit model of the proposed VCO is depicted in Fig. 2 (a) , where R D1 and R S represent the losses of the on-chip inductors L D1 and L S , respectively. To derive the operation frequency and investigate the tuning mechanism, the transfer function between V o and V i Fig. 1 . Schematic of the proposed low-phase-noise widetuning-range K-band VCO.
can be derived as
where
Oscillating will occur if the circuit loop gain is unity, corresponding to a voltage gain V o /V i = −1 with the oscillation frequency at ω o . With a proper arrangement, the oscillation frequency (f o ) can be approximated by
Based on (2), the oscillation frequency (f o ) of the K-band VCO can be adjusted by using the control voltage (V ctrl1 and V ctrl2 ). As a result, the tuning range of the VCO around frequency f o can be written as From (3), it is observed that the tuning range of this VCO is larger than that of the counterpart without the ΔC var2, 3 .
For phase noise consideration, the capacitors connected between drain and source terminations of cross-coupled pairs can increase the output voltage swings, leading to an improved phase noise [3] . However, the VCO tuning range is limited. To overcome this difficulty and further increase the tuning range, the accumulation MOS (AMOS) varactors are connected between the drain and source terminations for boosting the tuning range. While operating in K band, the phase noise of Si-based VCOs is typically dominated by Q factors of the on-chip passive components [1, 2, 4, 6] , and [8] . In this work, the resonator consists of L D1 , L S , C var1 , C var2 , and C var3 , and the simulated Q factors of on-chip inductors (L D1 , L S ) at 24 GHz are 18.6 and 34.6, respectively. Fig. 2 (b) shows the simulated capacitance at 24 GHz for inversion-mode and accumulation NMOS varactors. From this figure, it is observed that the capacitance of the inversion-mode NMOS varactors can be adjusted from 34.7 fF to 127.7 fF, leading to a capacitance change ratio of 3.7. In addition, the capacitance variance of accumulation NMOS varactors is from 65.9 fF to 215.1 fF, leading to a capacitance change ratio of 3.3. Fig. 2 (c) shows the simulated Q factors at 24 GHz of inversion-mode and accumulation NMOS varactors, respectively. As can be seen from this figure, the Q factor can be significant improved from inversion-mode NMOS varactor by adopting the accumulation varactor. For this work, the Q factor of resonators is dominated by the varactor due to the lowest Q factor. Therefore, enhancing Q factor by using the AMOS varactors of this work can result in improved phase noise. In addition, the varactors (C var2 , C var3 ) provide capacitive feedback similar to that of a Colpitts VCO [9] . Therefore, this K-band VCO is with better cyclostationary noise in terms of phase noise, resulting in the low phase noise performance.
Measured results
This K-band VCO was fabricated in 0.18-μm CMOS and the chip photo of this VCO is shown in Fig. 3 (a) . The overall chip size including the testing pads is 0.665 × 0.665 mm 2 , and the VCO performance was characterized by using on-wafer probing. The losses of the measurement setups were deembedded and calibrated in the experimental results.
While operating at the supply voltage of 0.6 V, the VCO consumes a 2.28-mW dc power excluding the testing buffers. Fig. 3 (b) shows the measured oscillation frequencies. While the controlled voltage (V ctrl1 , V ctrl2 ) sweeping from −0.5 to 1.7 V, the oscillation frequency can be varied from 20.53 GHz to 24.68 GHz, leading to a tuning range of 18.2%. Fig. 3 (c) shows the measured output power of this VCO. As can be seen from this figure, the output power is greater than −11.1 dBm in the entire oscillation frequencies. The measured phase noise is −112.53 dBc/Hz at 1-MHz offset from the 24.68-GHz carrier as shown in Fig. 3 (d) . From the measurement results of the VCO circuit, it is shown that the proposed VCO circuit is suitable for low-phase-noise wide-tuning-range applications.
To characterize the VCO performance, the widely used figure-of-merit (FOM) and figure-of-merit including the tuning range (FOM T ) [8, 9] are adopted in this work. Fig. 3 (e) shows the performance summary and the comparison with recently published 0.18-μm CMOS K-band VCOs. As can be seen from this table, this work can simultaneously achieve low phase noise, wide tuning range, and low dc power, leading to the better FOM and FOM T .
Conclusion
The proposed low-phase-noise wide-tuning-range VCO is demonstrated in a standard 0.18-μm CMOS process. Using accumulation MOS varactors con-nected between drain and source terminations of the cross-coupled pair, the varactors (C var2 and C var3 ) provide an additional tuning mechanism for extending the VCO tuning range. In addition, the varactors (C var2 and C var3 ) form a capacitive feedback to boost the voltage swing, leading to an improved phase noise. According to the measurement results, the performances of this work are superior to that of recently published K-band 0.18-μm CMOS VCOs.
